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Background: Despite advances in revascularization following extremity vascular injury, the relationship between time to
restoration of flow and functional limb salvage is unknown. The objectives of this study are to describe a large animal survival
model of hind limb ischemia/reperfusion and define neuromuscular recovery following increasing ischemic periods.
Methods: Sus scrofa swine (N  38; weight, 87  6.2 kg) were randomized to iliac artery occlusion for 0 (Control), 1
(1HR), 3 (3HR), or 6 (6HR) hours, followed by vessel repair and 14 days of recovery. Additionally, one group
underwent iliac artery division with no restoration of flow (Ligation), and one group underwent iliac artery exposure only
without intervention (Sham). A composite physiologic measure of recovery (PMR) was generated to assess group
differences over 14 days of survival. PMR included limb function (Tarlov score) and electrophysiologic measures
(compound muscle action potential amplitude, sensory nerve action potential amplitude, and nerve conduction velocity).
Using the PMR and extrapolating the point at which recovery following ligation crosses the slope connecting recovery
after 3 and 6 hours of ischemia, an estimate of the ischemic threshold for the hind limb is made. These results were
correlated with peroneus muscle and peroneal nerve histology.
Results: Baseline physiologic characteristics were similar between groups. Neuromuscular recovery in groups with early
restoration of flow (Control, 1HR, 3HR) was similar and nearly complete (92%, 98%, and 88%, respectively; P > .45).
While recovery was diminished in both 6HR and Ligation, Ligation, rather than repair, exhibited greater recovery (68%
vs 53%; P < .05). These relationships correlated with the pathologic grade of degeneration, necrosis, and fibrosis (P <
.05). The PMR model predicts minimal and similar persistent loss of function in groups undergoing early surgical
restoration of flow (Control 8%, 1HR 1%, 3HR 12%; P > .45). In contrast, the Ligation group exhibited the greatest
degree of injury early in the reperfusion period, followed by more complete recovery and at a faster rate than 6HR.
Extrapolating from the PMR the point at which Ligation (68% recovery) crosses the slope connecting 3 hours (84%
recovery) and 6 hours (53% recovery) of ischemia estimates the ischemic threshold to be 4.7 hours. Restoration of flow
at ischemic intervals exceeding this are associated with less physiologic recovery than ligation.
Conclusion: In this model, surgical and therapeutic adjuncts to restore extremity perfusion early (1-3 hours) after
extremity vascular injury are most likely to provide outcomes benefit compared with delayed restoration of flow or
ligation. Furthermore, the ischemic threshold of the extremity after which neuromuscular recovery is significantly
diminished is less than 5 hours. Additional studies are necessary to determine the effect of other factors such as shock or
therapeutic measures on this ischemic threshold. (J Vasc Surg 2011;53:165-73.)
Clinical Relevance:Restoration of axial flow following extremity vascular injury is ideally addressed early and definitively.
However, in the setting of associated life-threatening and/or orthopedic injuries or prolonged evacuation, the impor-
tance of and decision to restore perfusion is guided by a paucity of data. This study provides new insight into the extent
of neuromuscular recovery that can be expected after progressive periods of extremity ischemia, to include ligation.Acute limb ischemia following trauma is a common
cause of morbidity and mortality in trauma centers and
on the battlefield.1-3 Rapid surgical intervention to re-
store tissue reperfusion is desirable but not always imme-
diately possible.4,5 Early use of surgical adjuncts, such as
the temporary vascular shunt and fasciotomy, are employed in
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ischemic interval after which irreversible neuromuscular
injury occurs (ie, “ischemic threshold”), but this is incom-
pletely and variably defined.9-13 Additionally, the impor-
tance of immediate (eg, vascular repair) compared with
delayed restoration of flow or even ligation and reperfusion
through native or collateral processes has been recognized
but incompletely characterized.14-17 To date, models de-
scribing serial functional assessment after large, axial vessel
injury treated by repair or ligation are lacking.
In order to advance from the study of statistical to
quality or functional limb salvage, a translatable, large
animal survival model is necessary. Such a model would be
important to characterize the extent of anticipated neuro-
muscular recovery after incremental periods of ischemia
and provide insight into a threshold beyond which surgical
restoration of flow may not be beneficial. Such a model
would also allow eventual evaluation of factors (eg, shock),
which may move this threshold to a more or less favorable
position in the setting of extremity injury. The objective of
this study is to describe a large animal survival model of
hind limb ischemia and reperfusion. Additionally, the ob-
jective is to define an extremity ischemic threshold based on
clinically relevant measures of neuromuscular recovery dur-
ing a 14-day reperfusion or outcomes period.
METHODS
Experimental design. Institutional Animal Care and
Fig 1. Experimental design. Central access via the right c
resuscitationwas established. Following retroperitoneal exp
was created, and the vessel was occluded for 0 (Control), 1
patch angioplasty. Remaining groups underwent excision o
in the postprocedure arteriogram or exposure of the externUse Committee (IACUC) review and approval of thisprotocol was obtained prior to initiation of the experiment.
All procedures were performed at an accredited animal
research facility (Lackland Air Force Base, Texas) in strict
compliance with IACUCpolicies and under the supervision
and support of licensed veterinary staff. Female adolescent
(age 5-6 months) swine (Sus scrofa; Yorkshire/Landrace
Cross; John Albert Suppliers, San Antonio, Tex) were
arrived and housed at the research facility to allow acclima-
tion and observation for absence of disease 1 week prior to
initiation of the protocol. On the day of the study, induc-
tion of anesthesia was accomplished with intramuscular
ketamine and then maintained with inhaled isoflurane (2%-
4%). Animals were placed in the supine position on the
operating table and underwent sterile surgical scrub of the
abdomen and femoral regions. Retroperitoneal exposure of
the right iliac artery was accomplished using an established
model of limb previously described by this group (Fig 1).18
Occlusion of hind limb flow. To achieve hind limb
ischemia, the right external iliac artery of the animals was
exposed via a retroperitoneal (ie, “transplant”) incision and
dissection. A 5- to 6-cm segment of the right external iliac
artery was exposed, and two side branches (proximal and
distal) were ligated but not divided. The side branches
marked the proximal and distal extents of the arterial expo-
sure and were the lateral circumflex iliac and circumflex
femoral arteries, respectively. The proximal and distal ex-
tents of the iliac artery just beyond these side branches were
encircled with rubber vessel loops. The loops were pulled
artery and jugular vein for hemodynamic monitoring and
of the right external iliac artery, a standardized arteriotomy
R), 3 (3HR), or 6 (6HR) hours before reconstruction via
cm segment of the external iliac artery (Ligation) as shown
c artery without intervention (Sham).arotid
osure
(1H
f a 3-taut to occlude flow to the extremity for the different
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hours), after which restoration of perfusion was achieved.
Restoration of hind limb flow. A commonly ac-
cepted surgical approach to restoration of flow through an
occluded arterial segment was used for the iliac artery in this
experiment. This approach was applied consistently in all
animals (except the sham and ligation groups) following
the designated ischemic interval (0, 1, and 3 hours). Res-
toration of flow was achieved by creating a 3- to 4-cm
opening of the occluded arterial segment with a longitudi-
nal arteriotomy to allow inspection and removal of clot.
Thrombus was removed directly with forceps, as well as
with a 2 Fr Fogarty embolectomy catheter passed no more
than 10 cm proximally and distally. Additionally, with the
arterial segment open, fore-bleeding and back-bleeding
were allowed by sequential release of the proximal and
distal vessel loops. Vigorous rinsing and of the open arterial
segment was performed using a heparinized saline solution
(1000U heparin per 1000 cc normal saline), 25 cc of which
was flushed and held into the proximal and distal arterial
segments. Systemic heparinization was not used in any of
the animals during this study. Lastly, patch angioplasty was
performed of the open arterial segment using a 30-mm
Dacron patch sewn with a 6-0 Prolene suture (Fig 1). To
assure uniformity, this procedure was performed with ex-
perienced vascular surgical supervision and was timed, al-
ways lasting 25 but never more than 45minutes. Following
restoration of flow, duplex ultrasound of the iliac patch
angioplasty as well as the right femoral arterial segment was
performed to confirm technical adequacy and flow.
Definition of study groups. The standard large vessel
reconstructive technique was performed in each of the
Control (N  6), 1HR (N  6), 3HR (N  6), and 6HR
(N  6) groups. One group underwent ligation and exci-
sion of a 3-cm segment of right iliac artery (Ligation; N 
6), and the last group had operative exposure without
intervention on the iliac artery (Sham; N  6). Following
group treatment, the abdomen was closed in layers, and the
animals were allowed to recover from anesthesia. All ani-
mals received postoperative aspirin, Buprenex (buprenor-
phine HCL), and Rocephin (ceftriaxone).
Exclusion of animals. Two animals from the 38 were
excluded because of early deaths during the protocol unre-
lated to the ischemia/reperfusion aspect of the experiment
(one from postoperative hemorrhage and one from sepsis). At
the time of these protocol variations, the IACUC was imme-
diately made aware, and the chief veterinarian oversaw eutha-
nasia in the case of the postoperative hemorrhage and nec-
ropsy in both of the cases. Exclusion of these animals and the
data acquired to the point of death were vetted through the
IACUC,whichdetermined that thedeathswere not related to
the hind limb ischemia/reperfusion aspect of the experiment.
Measures of functional recovery. Indicators of func-
tional recovery included electrophysiologic (compound
muscle action potential amplitude [CMAP], sensory nerve
action potential amplitude [SNAP], and nerve conduction
velocity [NCV]) and Tarlov gait scores. Electrophysiologic
measures were collected prior to iliac artery exposure and at6, 24, 72, 168, and 336 hours, while Tarlov gait analysis
was performed daily throughout the study period. Bilateral
muscle (peroneus terteus) and nerve (peroneal) were col-
lected prior to euthanasia at 14 days to assess gross and
histological changes. Duplex ultrasound of the right iliac
and femoral arterial systems was performed intraoperatively
at the completion of restoration of flow and then at 24, 72,
168, and 336 hours after reperfusion by a registered vascu-
lar technologist (JRS, RVT) to confirm patency of vascular
reconstruction.
Nerve conduction studies. Prior to electromyogram
nerve conduction studies on the designated postoperative
days, anesthesia was induced with ketamine andmaintained
with 2% to 4% isoflurane. Motor nerve conduction studies
were performed via surface stimulation of the peroneal
nerve below the knee and surface recording over the mid-
belly of the peroneus terteus muscle. Sensory nerve action
potentials were obtained via surface stimulation of the tibial
mixed nerve at the level of the foot and orthodromic
recording of the tibial nerve with subdermal electrodes
placed at fixed distances in the distal leg. The best of five
reproducible waveforms were recorded for each nerve study
and analyzed by board-certified neurologists who were
blinded to group assignment.
Gait and posture during recovery. Each animal was
assessed daily for 14 days by three veterinary technologists
who were blinded to group assignment. Best extremity
function was recorded according to the modified Tarlov
hind limb function scale.19 The modified Tarlov scale cat-
egorically grades gait and posture, which ranges from 0,
indicating a paralyzed and insensate extremity to 4, describ-
ing normal gait, sensation, and posture (Table I).
Nerve and muscle histology. On postoperative day
14, anesthesia was induced prior to collection of gross
muscle and peroneal nerve specimens. The peroneus tertius
muscle, which is innervated by the peroneal nerve and
Table 1. Three scales were used to grade (A) hind limb
gait and posture, (B) extent of histopathology in a cross-
section of peroneus muscle, (C) degree of Wallerian
degeneration observed in the peroneal nerve
Modified Tarlov scale
0 - Insensate, paralyzed limb
1 - Able to sit
2 - Stands, but unable to bear weight on limb
3 - Stands and walks, but with gait/posture deficit
4 - No gait or posture abnormality
Categorical grading of peroneus muscle pathology
0 - No involvement
1 - 1% to 25% of cross-sectional area affected
2 - 26% to 50% of cross-sectional area affected
3 - 51% to 75% of cross-sectional area affected
4 - 76% to 100% of cross-sectional area affected
Categorical grading of Wallerian degeneration in peroneal nerve
0 - No degeneration
1 - Minimal degeneration
2 - Moderate degeneration
3 - Severe degenerationresponsible for dorsiflexion of the hoof, was selected for
s of va
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in the contralateral leg. To assure uniform sampling of the
same muscle segment among all the animals in the study,
specimens were taken by one of two researchers under the
direct supervision of the large animal veterinary pathologist
(JC, DVM).
After transverse sectioning, the proximal peroneus ter-
teus was photographed in order to determine the macro-
scopic extent of gross necrosis using morphometry
(ImageProPlus v6.3; MediaCybernetics, Bethesda, Md).
The muscle was then weighed and desiccated to assess the
wet-to-dry weight ratio. The distal half was subsequently
divided into standardized full transverse sections, fixed in
formalin, and stained with hematoxylin/eosin or trichrome
for microscopic examination and grading. Changes in mus-
cle and nerve were quantitatively graded according to the
cumulative extent of degeneration, necrosis, fibrosis, re-
generation, or edema (Table I). The results of muscle
pathology are reported as “gross necrosis (%),” which rep-
resents the amount of macroscopic muscle death viewed
using the initial photomorphometry and “necrosis,” which
reflects the subsequent microscopic grading. Grading was
performed in a blinded fashion by the veterinary patholo-
gist (JC, DVM), such that the examiner was unaware of the
ischemic intervals or group numbers of the specimens.
Following excision of muscle and nerve, animals were eu-
thanized in accordance with established IACUC proce-
dures.
Measure of circulating markers. In addition to basic
serologic tests such as hemoglobin (Hb), electrolytes, and
blood gas, select other laboratory values related cellular
damage and death in the setting of ischemia reperfusion
injury were drawn at baseline and 24, 72, 168, and 336
hours postoperatively. These labs are referred to as circu-
lating biomarkers of ischemic injury and include creatinine
phosphokinase (CPK), lactate dehydrogenase (LDH), as-
partate aminotransferase (AST), lactate, and potassium.
Serum myoglobin was also assessed at these same time
Table II. Comparison of group characteristics at baseline
Characteristic (units) (standard deviation) Control
Weight (kg) 83 (8.6)
Map (mm Hg) 62 (9.0)
Heart rate (beats/min) 76 (6.8)
Hemoglobin (g/dL) 8.9 (0.6)
Hematocrit (%) 27.5 (1.5)
Aspartate aminotransferase (IU/L) 31 (5.6)
Lactate dehydrogenase (U/L) 353 (134) 2
Creatinine phosphokinase (ug/L) 1279 (486) 9
Potassium (mEq/L) 4.5 (0.3)
Lactate (mmol/L) 1.0 (0.2)
Complex motor action potential (mV) 12.2 (2.6) 1
Sensory nerve action potential (uV) 18.7 (4.1) 1
Common femoral artery velocity (cm/sec) 56 (11)
Limb function (Tarlov score) 4
There were no differences between groups as described by P  .05 (analysipoints as a measure of skeletal muscle damage.Statistical analysis. Analysis of results was stratified by
functional measures of recovery (physiologic measures of
recovery [PMR]) and pathologic findings. Univariate anal-
ysis of single-measure end points (pathologic findings) was
described by one-way analysis of variance. The overall test
of equality of means across groups was tested and consid-
ered significant if P  .05 before exploring differences
between group pairs. When significant, post hoc t-test
comparisons were performed to further evaluate differences
between group pairs.
For repeated measures (PMR), group comparison was
described via a mixed model with autoregressive 1st order
covariant structure.20 Percentage change from baseline was
the dependent variable fit to two forms of linear mixed
models; time was treated as a categorical factor in one form
and as a continuous measure in the other. The continuous
model contained two predictors: the inverse of time 0.01
in hours to represent the extent of injury over time and the
natural logarithm of time  1 to represent the extent of
recovery.
Y B0 B1(1 ⁄ (t 0.01)) B2(ln(t 1))
Where Y is the physiologic extent of recovery, B are coeffi-
cients derived from the sum of least squares at observed
time points for each group, and t is time. CMAP, SNAP,
NCV, and Tarlov score were then entered as repeated
measures generating N  1223 correlated observations
into a composite continuous model based on clinical rele-
vance.
RESULTS
There were no differences in baseline group character-
istics (Table II). Of the 38 animals entered into the study,
primary patency of the iliac vessel procedure was 100%.
There were two early exclusions (one retroperitoneal hem-
orrhage leading to death and one due to sepsis). Both
animals were replaced to ensure the sample size of 36 (N
6 in each of the six groups) deemed necessary in the power
R 3HR 6HR Ligation P value
.8) 87 (10) 87.3 (6.2) 85 (7.8) .64
.5) 55 (20) 71 (9.7) 64 (14.4) .29
.0) 73 (11.6) 76 (11.2) 77 (6.5) .97
.8) 9.7 (0.4) 9.1(0.7) 9.2 (0.8) .13
.5) 30 (1.6) 28 (2.2) 29 (2.6) .44
.4) 28 (8.6) 28 (9.5) 30 (4.8) .99
3) 306 (78) 339 (89) 396 (239) .55
43) 1386 (623) 893 (517) 979 (298) .21
.2) 4.6 (0.5) 4.4 (0.3) 4.6 (0.4) .45
.2) 1.1 (0.5) 0.9 (0.2) 1.1 (0.6) .70
.6) 15.8 (3.6) 16.3 (5.0) 15.0 (2.3) .38
1) 16.1(3.9) 20.8 (8.8) 17.0 (3.5) .67
3) 74 (25) 62 (17) 56.7 (17) 1.0
4 4 4 .41
riance). All characteristics are described as means  standard deviation.1H
90 (4
65 (4
73 (8
9.3 (0
29 (2
28 (6
88 (3
20 (3
4.2 (0
0.9 (0
6.3 (4
9.8 (1
64 (1
4analysis to detect differences in end points.
f AST
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significant differences (P  .05) were noted in Tarlov limb
function, CMAP, common femoral artery velocity, and
aspartate aminotransferase (AST; Table III). Early surgical
restoration of flow (Control, 1HR, 3HR) resulted in simi-
lar and nearly complete recovery for all measures at 14 days
(P  .05 for each of the two-way comparisons; Table III).
All three groups had normal gait and posture (Tarlov 4, 4,
and 3.9, respectively), electrophysiologic measures (CMAP
11, 14, and 11; SNAP 15, 18, and 17, respectively), and
flow velocity in the common femoral artery (55, 54, and 64,
respectively). In contrast, delayed surgical restoration of
flow (6HR) or ligation was associated with persistent and
severe neuromuscular injury (Tarlov 2.7 and 3.0; CMAP
4.3 and 7.1; SNAP 13.5 and 10.2, respectively; P  .05
versus each of the early restoration groups). Circulating
biomarkers of injury returned to near baseline values by 14
days in all groups with the exception of AST in the Ligation
group (70 vs 37-44; P  .03).
Similar relationships were observed on histological
analysis with gross necrosis, degeneration, necrosis, and
fibrosis (Table IV). Early surgical restoration of flow (Con-
trol, 1HR, 3HR) was associated with minimal muscle ne-
crosis, fibrosis, or edema. Both 6HR and Ligation were
Table III. Final characteristics
Characteristic (units) Cont
Limb function (Tarlov score) 4.0
Peroneal complex motor action potential (CMAP) (mV) 11.1 
Tibial sensory nerve action potential (SNAP) (uV) 15.2 
Common femoral artery velocity (cm/sec) 55 
Aspartate aminotransferase (AST) (IU/L) 44 
Lactate dehydrogenase (LDH) (U/L) 600 
Creatine phosphokinase (CK) (ug/L) 1655 
Potassium (K) (mEq/L) 4.2 
Lactate (mmol/L) 0.8 
Group comparisons of final physiologic and laboratory characteristics descri
of ischemia or if ligation is performed. Extremity perfusion is hyperemic i
perfusion at the 14-day point. Circulating markers, with the exception o
characteristics are reported as means  standard errors.
Table IV. Pathologic characteristics
Characteristic (units) ( SEM) Control 1HR
Peroneus terteus muscle
Gross necrosis (%) 0.0 0.0
Degeneration 0.3  0.21 0.3  0
Necrosis 0.2  0.27 0.3  0
Fibrosis 0.1  0.35 0.04  0
Regeneration 0.4  0.26 0.3  0
Wet-to-dry weight ratio 4.1  0.13 3.9  0
Peroneal nerve
Wallerian degeneration 0.7  0.45 1.0  0
No macroscopic gross necrosis as viewed by photomorphometry was observ
while 39% of the cross-sectional area of the peroneus terteus was grossly nec
or histological assessment of the grade of degeneration, necrosis, fibrosis, an
injury, there was no difference in edema as measured by wet-to-dry ratio.associated with increased necrosis, fibrosis, edema, andnerve injury, and the pathologic grade of injury was greatest
after 6 hours of ischemia followed by rapid reperfusion
rather than ligation (necrosis 1.6 vs 1.0, fibrosis 1.8 vs 1.0,
Wallerian degeneration 2.5 vs 1.8; P  .05).
Each of the four variables considered for entry into the
PMR model meet criteria for inclusion (Fig 2, A-D). The
greatest degree of injury occurred within the first 24 hours
and was followed by progressive recovery in all groups
except 6HR, which demonstrated persistent injury through
day 7 (Fig 2,A-B) or minimal neuromuscular recovery (Fig
2, C). The PMR demonstrated minimal loss of neuromus-
cular function, which was similar among groups undergo-
ing early surgical restoration of flow (Control 8%, 1HR 1%,
3HR 12%; P  .45). In contrast, the Ligation group
exhibited the greatest degree of injury early in the reperfu-
sion period followed by more complete recovery and at a
faster rate than 6HR (Fig 3).
Fig 4 illustrates final percent neuromuscular recovery at
14 days in each of the groups. Recovery demonstrates a
nonlinear decrease as the duration of ischemia (ie, ischemic
interval) before restoration of flow increases. Extrapolating
the point at which ligation (68% recovery) crosses the slope
connecting 3 hours of ischemia (84% recovery) and 6 hours
of ischemia (54% recovery) estimates an ischemia threshold
1HR 3HR 6HR Ligation P
4.0 3.9  0.2 2.7  0.2 3.0  0.2 .001
14.3  1.7 11.9  1.7 4.3  1.7 7.1  1.8 .001
17.9  2.5 16.9  2.5 13.5  2.5 10.2  2.8 .38
54  7.1 64  6.5 80  6.5 40  7.7 .01
41  6.4 37  6.0 43  5.9 70  7.0 .03
598  76 581  70 594  70 772  83 .40
1564  491 1570  455 1724  455 3420  538 .10
4.5  0.2 4.1  0.2 4.4  0.2 4.7  0.3 .25
0.8  0.2 0.9  0.2 0.9  0.2 1.3  0.2 .51
creased Tarlov, CMAP, and SNAP if surgical repair is delayed after 6 hours
as measured at the common femoral artery, while Ligation has restored
are similar between groups after 14 days and within normal limits. All
3HR 6HR Ligation P
0.0 39  9.4 33  11.1 .01
0.4  0.20 1.2  0.20 0.8  0.23 .02
0.3  0.25 1.6  0.25 1.0  0.29 .003
0.3  0.32 1.8  0.32 1.0  0.38 .003
0.4  0.24 1.3  0.24 0.7  0.28 .09
3.9  0.13 4.3  0.13 4.3  0.13 .07
0.9  0.41 2.5  0.45 1.8  0.49 .06
nimals undergoing early surgical restoration of flow (Control, 1HR, 3HR),
6HR versus 33% in Ligation. Similar trends were observed on microscopic
degree of Wallerian degeneration in the peroneal nerve. Fourteen days afterrol
1.7
2.5
8.6
6.4
76
491
0.2
0.2
be de
s 6HR.21
.27
.35
.26
.13
.45
ed in a
rotic in
d theof the limb in this model at 4.7 hours. Surgical restoration
ery.
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less physiologic recovery than ligation. The point estimate
of recovery at 14 days for Ligation was greater than 6HR
(68% vs 54%; P  .018) and less than each of the Control,
1HR, and 3HR Groups (P  .001).
DISCUSSION
Findings from this preclinical animal model character-
ize the impact of graded extremity ischemia on sustained
neuromuscular function or outcome. Furthermore, this
study introduces a novel PMR model that predicts group
behavior across four clinically relevant measures of neuro-
muscular function. These findings are supported by patho-
logic evidence of the severity of degeneration, necrosis, and
fibrosis and demonstrate that early restoration of flow
within 3 hours is associated with near-complete recovery.
Finally, this study establishes an ischemic threshold of the
extremity between 3 and 6 hours beyond which ligation
compared with restoration of flow is associated with supe-
rior recovery.
Traditionally limb salvage following vascular injury has
been defined as either the presence (successful) or absence
(failed) of a salvaged extremity with limited focus on the
quality or function of the limb. With attempts to advance
beyond statistical to functional or quality limb salvage, a
large animal model incorporating practical neuromuscular
Fig 2. Four individual measures were fit to a linear mixe
response to increased ischemia followed by a logarithm
asymptomatically approaches a maximal percent of recovand clinical outcomes is important to provide researchers ameans by which to study the ischemic time after which
nerve andmuscle function is compromised and/or irrevers-
ible (ie, ischemic threshold).
The composite measure of neuromuscular recovery
(PMR) in this study derived from relevant measures char-
acterizes differences associated with progressive periods of
ischemia. Each measure contributing to the model de-
scribes a different component of neuromuscular recovery.
CMAP assesses the integrity of the efferent (motor) axons
of the peroneal nerve, SNAP measures the primarily affer-
ent (sensory) axons of the distal tibial nerve, changes in
conduction velocity (NCV) are most affected by demyeli-
nation, and hind limb function (Tarlov) provides a global
albeit relatively insensitive measure of neuromuscular func-
tion. While each has value as an independent measure
during the survival period, combining these into a single
linear mixed model increases the impact of the outcomes
assessment. Specifically, the model based on both the ob-
served rapid and nonlinear decrement in neuromuscular
function (extent of injury) followed by logarithmic im-
provement (extent of recovery) allows estimation of recu-
peration following either varied ischemic intervals and
reperfusion or strict ligation.
An understanding of the extremity ischemic threshold
in a large animal model may facilitate more specific investi-
gation of the efficacy of established and proposed limb
del. All variables demonstrated a rapid nonlinear graded
increasing period of recovery during reperfusion thatd mo
icallysalvage tools and techniques. Specifically, the ability of
 .01
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cologic agents to shift the ischemic threshold in a more
favorable direction can now be more thoroughly studied.
In contrast, the propensity of factors such as concomitant
venous injury, shock, and associated soft tissue and bone
injury to shift the threshold in a less favorable direction can
be defined. Importantly, the impact of characterizing a
Fig 3. Physiologic measure of recovery (PMR) incorpo
in a single composite model (PMR). Early restoration of
of neuromuscular function early after injury and reached
difference between or among the Control, 1HR, and 3H
line) demonstrated early decrements in neuromuscular f
than Control (P .001), 1HR (P .001) and 3HR (P
the greatest early decrement in neuromuscular function b
at 120 hours (5 days) and thereafter during recovery (P
Fig 4. Estimation of the ischemic threshold. The final neuromus-
cular recovery after progressive periods of ischemia is shown above.
Extrapolating the point at which ligation (68% recovery) would
cross the slope connecting 3 hours of ischemia (84% recovery) and
6 hours of ischemia (54% recovery) estimates an ischemic threshold
for the hind limb in this model at 4.7 hours. Surgical restoration of
flow at ischemic intervals exceeding this are associated with less
physiologic recovery than ligation. Themodel point estimate at the
14-day point for the Ligation group was greater than the 6HR
group (P  .018) and less than each of the other groups (P 
.001).neuromuscular ischemic threshold of the extremity trans-lates well beyond vascular trauma to acute limb ischemia
originating from age-related disease (eg, embolism and
thrombosis).
Early reports from this group describe the efficacy of
temporary vascular shunts based on differences observed in
circulating biomarkers and blood flow in a nonsurvival
large animal model.21 In that study, restoration of flow
with a temporary vascular shunt before 3 hours of ischemia
was associated with reduced tissue and circulating markers
of muscle injury. Indeed, a recent clinical study docu-
mented the negative impact of iliac vessel ligation in hu-
mans. Specifically, Feliciano and colleagues from Grady
demonstrated that early restoration of flow with shunts
followed by revascularization was associated not only with
improved limb salvage but a near doubling of survival when
compared with iliac injury ligation.22 Findings from the
current study confirm and extend these publications and
facilitate assessment of the efficacy of shunts on functional
recovery as well as identification of conditions in which
their use may be most advantageous.
The finding in this study that ligation instead of repair
after 6 hours of ischemia was associated with improved
neuromuscular recovery was unexpected. This observation
underscores both the negative impact of rapid restoration
of flow following prolonged ischemic intervals as well as the
relative efficacy of collateral circulation over time. Small
animal studies by Westvik et al demonstrate that angiogen-
esis rather than arterogenisis is the driving mechanism of
collateralization in aged mice.23 In contrast and more
relevant to the observations in this study, arterogenisis or
rapid maturation of native collaterals has been shown to
CMAP, SNAP, NCV, and Tarlov as repeated measures
(Control, 1HR, 3HR) demonstrated less than 75% loss
complete recovery at 336 hours (14 days). There was no
oups. Both 6HR (double line) and Ligation (solid black
on and incomplete recovery, both of which were worse
) throughout the 336-hour recovery. Ligation exhibited
o the greatest rate of recovery, surpassing the 6HR group
76).rating
flow
near
R gr
uncti
.001
ut alsprovide an alternate conduit for inflow following a vascular
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January 2011172 Burkhardt et alinjury. Several studies have demonstrated arterogenisis as
the dominant mode of native vascular remodeling in young
otherwise healthy subjects.23-25 Of note, extensive collat-
eralization was seen on arteriography in animals subjected
to ligation in this study, which undoubtedly contributed to
recovery after a vascular injury. This observation corrobo-
rates findings by others who have described decreasing
collateral resistance 2 weeks after femoral artery occlusion
in pigs.26
There are limitations to this translational study includ-
ing the fact that the findings may not apply to acute
extremity ischemia in humans. Additionally, the 6HR
group demonstrated early severe soft tissue swelling of the
leg and poor ankle perfusion, suggesting that compartment
syndrome may have developed in this cohort. Rapid surgi-
cal restoration of flow is a recognized contributor to injury,
and several groups have investigated the impact of con-
trolled reperfusion following prolonged ischemia.17,27 This
reperfusion injury could have been treated via fasciotomy
and ultimately resulted in improved neuromuscular recov-
ery. Subsequent studies are underway to evaluate the inde-
pendent impact of treating these reperfusion injuries with
surgical decompression (fasciotomy) on shifting the isch-
emic threshold.
CONCLUSION
In this model, surgical and therapeutic adjuncts to
restore extremity perfusion early (1-3 hours) after extremity
vascular injury are most likely to provide outcomes benefit
compared with delayed restoration of flow or ligation.
Furthermore, the ischemic threshold of the extremity after
which neuromuscular recovery is significantly diminished is
less than 5 hours. Additional studies are necessary to deter-
mine the effect of other factors such as shock or therapeutic
measures on this ischemic threshold.
The views represented in this article are those of the
authors and are not official policy of the Department of
Defense or any other department of the federal govern-
ment.
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